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Clusters Probe the Growth of Structure

Vikhlinin, et al., 2009

T T T T ITI T T T T IO T T 1T

1014 1015

MSOOc[h_lMsun]

Avestruz Cluster Outskirts




Introduction

Clusters Provide Constraints on Dark Energy
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Masses defined with respect to reference densities
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Masses defined with respect to reference densities
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Pioneering X-ray observations of cluster outskirts

Suzaku X-ray : ; Urban, etal., 2013
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Microwave observations of cluster outskirts
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Cluster outskirts ideal for mass measurements
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Recent Observations

Entropy is expected to scale with radius
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Recent Observations

Suzaku entropy profiles flatten in outskirts
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Recent Observations

Suzaku entropy profiles flatten in outskirts

T T — Ty
O A1589
AZD29
OAZ 42
dydra A I
[0 2erseus >
SKS C745 n
—_ OAl f lfl
8 z
&
o ]
co. rS
O 1k .
S
N
wn
} Walkelw etal., 2012

0.1 l R/R I. 1.0

00
Avestruz Cluster Outskirts



Introduction Recent Observations Outline Simulations Gas Flows Non-equilibrium physics Observational biases Summary

Simulations necessary to interpret observations

z=0.98 dark matt_er ) stars gas

temperature

Avestruz Cluster Outskirts



Outline

QOutline

@ Introduction
@ Observational breakthroughs in cluster outskirts

@ Questions to answer with cosmological simulations

e How can we describe gas flows in cluster outskirts?

e How do non-equilibrium physics affect observations?

e How can we use simulations to test for potential
observational biases?

e Summary
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Cosmological Simulations of Galaxy Clusters

Adaptive Refinement Tree (ART) code: N-body-+Gasdynamics
Box size ~100 Mpc, Spatial resolution ~few kpc, Region shown ~2 Mpc

z=0.98  dark matter ) stars gas

temperature

Baryonic physics included (e.g. gas cooling, star formation,
heating by SNe/AGN, metal enrichment)
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Gas Flows

Simulated entropy profiles exhibit self-similarity
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Gas Flows

Simulated entropy profiles exhibit self-similarity
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Gas Flows

Simulated entropy profiles exhibit self-similarity
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Gas Flows

Simulated entropy profiles exhibit self-similarity

T T T ‘
10 z2=00 E
C z=0.3 ]
e |
o
o
o 1
n
[T
B Lau, Nagai, Avestruz, |
Nelson, Vikhlinin,
01 E ApJ sul‘amitted ]
1 1 |
0.1
R/R200m

Avestruz Cluster Outskirts



Gas Flows

Simulated entropy profiles exhibit self-similarity

T LI T ‘
10 z2=00 E
C z=0.3 ]
e |
o
o
o 1
n
[T
Lau, Nagai, Avestruz, |
Nelson, Vikhlinin,
01 E ApJ sul‘amltted ]
1 1 | |
0.1

R/R200m



Gas Flows

Simulated entropy profiles exhibit self-similarity

T LI T ‘
10 z2=00 E
C z=0.3 ]
e |
o
o
o 1
n
[T
Lau, Nagai, Avestruz, |
Nelson, Vikhlinin,
01 E ApJ sul‘amltted ]
1 1 | |
0.1

R/R200m



Gas Flows

Simulated entropy profiles exhibit self-similarity
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Simulated entropy profiles exhibit self-similarity

S/S200m
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Gas Flows

Simulated entropy profiles exhibit self-similarity
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Gas Flows

Mass accretion breaks self-similarity
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Gas Flows
Mass accretion breaks self-similarity
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Gas Flows
Mass accretion breaks self-similarity
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Gas Flows

Mass accretion breaks self-similarity
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Non-equilibrium physics

Non-equilibrium electron temperature biased low

4 6 8 0.2 0.6 1.0
log) g Teas [K] T/ T
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Non-equilibrium physics

Non-equilibrium electron temperature biased low

4 6 8 0.2 0.6 1.0
log) g Teas [K] T/ T

tei Spitzer — Hubble time
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Non-equilibrium physics

Non-equilibrium electron temperature biased low

4 6 8 0.2 0.6 1.0
log) g Teas [K] T/ T

*toi spitzer SES @n upper limit on the temperature bias
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Non-equilibrium physics

Electron temperature bias exhibits self-similarity
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Non-equilibrium physics

Electron temperature bias exhibits self-similarity
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Non-equilibrium physics

Electron temperature bias exhibits self-similarity
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Non-equilibrium physics

Electron temperature bias exhibits self-similarity
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Non-equilibrium physics

Electron temperature bias exhibits self-similarity
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Non-equilibrium physics

Electron temperature bias exhibits self-similarity
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Temperature bias is azimuthally asymmetric

Avestruz, Magai, Lau, Nelson
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Non-equilibrium physics

Temperature bias is azimuthally asymmetric
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Non-equilibrium physics

Temperature bias is azimuthally asymmetric
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Non-equilibrium physics

Mass accretion breaks self similarity
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Non-equilibrium physics

Mass accretion breaks self similarity
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Non-equilibrium physics

Bulk/Filament decomposition is important
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Mock X-ray pipeline allows us to test observations

Avestruz, Lau, Nagai, Vikhlinin,
2014, ApJ, 791, 1
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Mock X-ray pipeline allows us to test observations

Avestruz, Lau, Nagai, Vikhlinin,
2014, ApJ, 791, 1

Clumps
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Introduction Recent Observations Outline Simulations Gas Flows Non-equilibrium physics Observational biases Summary

Mock X-ray pipeline allows us to test observations

Clumps

Filaments

Avestruz, Lau, Nagai, Vikhlinin,
2014, ApJ, 791, 1
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Observational biases

Mock X-ray pipeline allows us to test observations

XSB = [ dVn.n,\(Tx, 2)

Photon counts per second
Emission measure:

EMM = [ ngn, dI
Assumed model plasma
emissivity

2014, ApJ, 791, 117
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Observational biases

Mock X-ray pipeline allows us to test observations

XSB = [ dVn.n,MTx, 2)

Photon counts per second
Emission measure:
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Assumed model plasma
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Observational biases

Mock X-ray pipeline allows us to test observations

XSB = [ dVnen,\(Tx, Z)

Photon counts per second
Emission measure:

EMM = f nenp dl
Assumed model plasma
emissivity

2014, ApJ, 791, 117

Avestruz Cluster Outskirts



Observational biases

Mock X-ray pipeline allows us to test observations

Tx = 4.11 keV
2 Msec exposure time

Convolved Chandra response
(Similar to Abell 133)

Test metallicity and temperature

Avestruz, Lau, Nagai, Vikhlinin
2014, ApJ, 791, 117
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Observational biases
We can test metal abundance with known input
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Observational biases
We can test metal abundance with known input
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Observational biases
We can test metal abundance with known input
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Observational biases
Weak metal contributions are scattered
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Observational biases

Stronger metal contributions biased low
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Observational biases

Stronger metal contributions biased low
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Observational biases

Stronger metal contributions biased low
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Observational biases
Bias disappears in single temperature medium
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Observational biases

Non-equilibrium electrons can affect measured Tx
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Observational biases

Non-equilibrium electrons can affect measured Tx
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Observational biases

Non-equilibrium electrons can affect measured Tx
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Observational biases

Non-equilibrium electrons can affect measured Tx
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Summary

Summary

1. Cluster outskirts are best accretion \
described with respect to Rxgom ]

2. Non-equilibrium electrons are a
potential source of systematic
uncertainties

3. Inhomogeneities in the
intracluster medium contribute
to observational biases
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1. Outskirts best described with respect to Rogom
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Summary

2. Non-equilibrium electrons at lower temperatures
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3. Inhomogeneities contribute to biases

Filaments

Avestruz, Lau, Nagai, Vikhlinin,
2014, ApJ, 791, 1
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